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HEAT- AND MASS-TRANSFER CHARACTERISTICS OF AN AXIAL-
FLOW LIQUID-CORE NUTLEAR ROCKET EMPLOYING
RADIATION HEAT TRANSFER
by Robert G. Ragsdale, Albert F. Kascak, and Leo F. Donovan

Lewis Research Center

SUMMARY

An analysis of heat- and mass-transfer processes was conducted for a liquid-core
nuclear rocket engine that employs radiation heat transfer. A liguid carbide fuel was
supported on the inside surface of a rotating tube. The hydrogen propellant, seeded with
radiation-absorbing seed material, flowed through the tube where it was heated by ther-
mal radiation from the fissioning liquid fuel. Liquid-fuel surface temperature, uranium
concentration in the fuel, tube length and diameter, and hydrogen flow rate were the pri-
mary variables. Calculations were made for both zirconium carbide and niobium carbide
solvents in which uranium carbide was dispersed.

The calculations show that radiant heating produces a specific impulse somewhere
between the lowest value of interest, 1300 seconds, and the maximum attainable, about
1600 seconds - a value that is only marginally higher than that provided by conduction
heating of hydrogen bubbled through the liquid fuel. The ratio of hydrogen flow rate to
uranium flow rate is likely to range from about 20 to 100, depending on what compromises
are chosen in flow-rate ratio, reactor pressure, tube diameter, and thrust to core-
weight ratio. When the other parameters are within reasonable limits, the thrust to core-
weight ratio is between 3 and 13. The surface temperature of the liquid fuel must be
maintained between 9000° and 10 000° R in order to attain a specific impulse in the range
of interest. This requirement causes what is probably the major problem in designing a
liquid-core nuclear rocket, that is, how to support a liquid fuel that is at a temperature
higher than any known melting point. If a vapor film is not formed to insulate the solid
structure from the liquid fuel, too large a fraction of the reactor power is conducted into
the temperature-limited solid region of the reactor, and the specific impulse is reduced
to solid-core levels.



INTRODUCTION

Nuclear rocket engines can be categorized by the physical state of the fissionable fuel
or the fuel-bearing material (i. e., solid, liquid, or gas). Solid-core engines involve no
drastic departure from the state-of-the-art heat-exchanger design, at least from a ther-
mal design viewpoint, because the nuclear fuel is immobile, embedded within a solid fuel-
element material. Performance of a solid-core engine is determined by the maximum
temperature of the fuel element. In principle, a gaseous-fueled engine could raise the
hydrogen propellant to temperatures considerably above the melting point of solid mate-
rials. Thus, gaseous reactors may attain a specific impulse of about 2500 seconds, com-
pared with 800 seconds for a solid-core engine. Along with this performance advantage,
however, gaseous-reactor designs introduce a number of complex interactions of fluid
mechanics, heat transfer, and reactor criticality. Some recent studies of gaseous-
reactor problems are described in reference 1.

Some of the complexity, and perhaps the level of performance, of a gaseous-fueled
reactor can be reduced by maintaining the nuclear fuel as a liquid in the reactor. Such a
liquid-core engine does not incur the complicated gas-core problems that result from fuel
mobility. Since the heat source is a hot liquid rather than a radiating cloud of gas, a
possible mode of operation is to bubble the cold hydrogen propellant radially inward
through a liquid fuel layer that is suspended on the inner surface of a rotating tube. Such
a system has been analytically assessed, both as a single cavity (ref. 2) and as a multi-
unit tube bundle (ref. 3).

Up to a point, increased performance (higher specific impulse) can be obtained by
operating the liquid-fuel region at higher temperatures. However, the vapor pressure of
the liquid at higher temperatures, drives sufficient material into the hydrogen to increase
the average propellant molecular weight enough to reduce the specific impulse. There-
fore, there is an "'optimum'* liquid-fuel temperature that gives a maximum specific im-
pulse. For the multitube engine, a specific impulse of 1500 seconds is calculated at a
thrust to engine-weight ratio of the order of 1 (ref. 3). The fundamental limit on the
specific impulse of this system derives from the fact that both heat and mass are trans-
ported into the gas by the same (conduction) process. Thus, a change of some param-
eter, such as bubble size or velocity, that leads to a reduction in mass transfer, cor-
respondingly decreases heat transfer. An additional mechanism must be introduced to
upset this balance in favor of heat transfer if the performance is to be improved.

It has been suggested that thermal radiation could be employed to transfer heat from
the liquid fuel to the hydrogen (ref. 4). In such a system, the propellant would flow over
the surface of the liquid rather than bubble through it. If the surface temperature were
high enough, the energy transport would be primarily by radiation, and mass transfer
effectiveness would be less than that of heat transfer, However, there are some imme-



diately obvious disadvantages that may limit or offset the potential gain of this flow pat-
tern. The liquid surface temperature must be higher than the desired propellant exhaust
temperature; in the bubble-thrdugh system, the two temperatures are equal. Also, the
liquid-fuel temperature must be high enough for radiative transfer to dominate; other-
wise, the mass-transfer - heat-transfer analogy would still hold. These factors could
lead to (1) substantial loss of heavy vapor even though the mass-transfer effectiveness is

-low, and (2) excessive heat conduction radially outward into the solid structure. An in-
herent advantage of the thermal-radiation system is that engine thrust is not limited by
rotational speed as it is in the bubble-through system.

Two difficulties involved in evaluating this engine concept deserve mention: first,
there is an impractically large number of independent variables; and, second, some of
the required input information is not available. The number of variables was reduced by
assigning fixed or limiting values to the following items: fuel material, uranium carbide;
seeded hydrogen opacity, 3; and hydrogen temperature at the inlet to the fuel passage,
3500° R. ‘Most of the parametric calculations were performed for a reactor pressure of
100 atmospheres; although some cases were performed for 500 atmospheres, and a final,
sample case was computed for a pressure of 200 atmospheres. Zirconium carbide and
niobium carbide were the two fuel solvents considered. Three values each were taken
for fuel surface temperature, tube diameter and length, uranium carbide mole fraction
in the fuel, and hydrogen mass velocity., The most significant information not available
is the vapor pressure of the elements and compounds that make up the liquid fuel. These
values were obtained by extrapolating information presented in references 5 to 10. It was
also assumed that the composition of the vapor in equilibrium with the liquid fuel could
be determined by applying Raoult's law directly to the molecular constituents of the fuel,
although the actual behavior of such a ternary system is undoubtedly more complex
(ref. 11). Radiant heat transfer was computed by using techniques described in refer-
ences 12 and 13. Mass-transfer calculations were made by using the mass-transfer -
heat-transfer analogy as described in reference 14.

This analysis was performed to assess some of the heat- and mass-transfer char-
acteristics of a liquid-core nuclear engine in which thermal radiation is the primary
mode of heat transfer. Calculations were made to determine outlet gas temperature,
exhaust gas composition, and specific impulse. The uranium loss rate, presented as
the ratio of hydrogen flow rate to uranium flow rate, was determined for various uranium
concentrations in the ligquid fuel and for various fuel surface temperatures. An estimate
was made of engine thrust to core-weight ratio for a particular set of conditions. Al-
though the foregoing approximations and extrapolations introduce some uncertainties into
the calculations, it is felt that sufficient accuracy remains for the purpose of this study;
that is, to determine the performance advantage of such a system in terms of specific
impulse or thrust to weight ratio over a bubble-through flow configuration.



ANALYSIS

The basic model, physical and chemical properties , and equations used to calculate
the heat- and mass-transfer characteristics of a radiation-heat-transfer liquid-core
nuclear rocket are presented in this section. First, the model of the reactor flow pas-
sage is described. Next, the engine cycle is discussed with regard to an overall energy
balance. Finally, the equations used to calculate heat-transfer, mass-transfer, and
engine performance parameters are presented.

Model for Calculation

A schematic view of the reactor flow passage is shown in figure 1(a). As the hydro-
gen flows axially through the rotating tube, two processes occur: first, the hydrogen
absorbs heat that is radiated from the inner surface of the liquid fuel; and second, be-
cause the liquid exerts a significant vapor pressure, uranium carbide and metallic car-
bide molecules diffuse into the flowing hydrogen and are carried from the tube. The tube
rotation simply provides sufficient body force to hold the liquid fuel on the solid liner.

A bubble-through system is similar, except that the hydrogen enters through the cylin-
drical solid wall, bubbles through the liquid fuel, and then flows axially down the tube.

The calculations primarily involve heat and mass transfer to a gas flowing in a tube
with a fully developed turbulent-velocity profile. It is assumed that the two processes do
not affect each other, except insofar as the liquid surface (boundary) temperature Ts
also determines the concentration of the carbide species at the wall through the vapor-
pressure curves of the fuel constituents. Figure 1(b) shows the model used for the cal-
culations. A given mass flow rate of hydrogen, at reactor pressure PR’ flows through
a tube of specified dimensions. The propellant properties, specific heat c_, viscosity
i, and opacity 7 (product of absorption coefficient and tube diameter), are known and
assumed to be constant. Thermal radiation is emitted from the inner surface of the
liquid, which is at some constant temperature Ts. Mass diffuses into the flowing hydro-
gen stream from the constant mass fraction boundary Cs' The composition of the car-
bide vapor at the wall is calculated from the vapor pressure of the pure compounds at
TS and Raoult's law, which relates the vapor composition to the composition of the
liquid. Pure hydrogen enters the tube at some inlet temperature Tl’ The same flow
rate of hydrogen, along with some additional flow rate of carbide vapor, exits from the
tube at some higher temperature T2.

The specific impulse attainable with pure hydrogen is shown in figure 2 for reactor
pressures of 100, 250, and 500 atmospheres. These curves were calculated from
enthalpy values reported in reference 15, All the kinetic energy of the hydrogen does
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not produce thrust because of nonequilibrium expansion and a finite nozzle area ratio.
The specific impulse shown in figure 2 was calculated by arbitrarily assuming a value of
0.9 for a nozzle coefficient (i. e., 81 percent of the propellant enthalpy is converted into
thrust). This assumption is probably optimistic.

If any part of the reactor power is transferred to the hydrogen in a solid, temperature-
limited region, there is a maximum specific impulse that can be obtained. This require-
ment of an overall energy balance on the engine, which has been shown by a number of
authors, is illustrated in figure 3. This limitation could be significant in a liquid-core
engine if an excessive amount of heat is conducted radially outward into the solid struc-
ture of the engine. For example, if 25 percent of the reactor power is deposited in the
hydrogen at 3600° R, 1430 seconds is the maximum impulse obtainable.

Heat Transfer

Radiation. - The radiant heat exchange between the liquid surface and the axially
flowing propellant gas was computed by a computer program described in reference 13.
The program represents a numerical solution of the radiative transport equation. The
output of the program is gas temperature profiles, both radial and axial.

A number of assumptions are involved, but none represents any serious limitation
for the situation of interest here. The gas is assumed to be gray; that is, the absorption
coefficient is independent of wavelength. Since most or all the hydrogen opacity results
from the addition of a solid-particle seed material, no strong dependence of absorption
coefficient on wavelength is likely. The gas is assumed to be in local thermodynamic
equilibrium; therefore, the emissive power can be calculated by using an absorption coef-
ficient. The walls are assumed to be black. The program requires that velocity profiles
be specified; slug flow is assumed for all cases calculated. Viscous dissipation and con-
duction are assumed to have negligible effects on energy transport. Finally, scattering
is neglected; emitted radiant energy is either absorbed or transmitted.

The use of these assumptions results in an energy equation with four terms: a con-
vective term proportional to the axial gradient of temperature; an emission term propor-
tional to the fourth power of temperature; and two absorption terms proportional to the
fourth power of some mean local temperature. The last two terms represent energy
radiated into a gas volume element from surrounding elements and from the boundary
surfaces. The energy equation is

an 4 4k 0'T4 -T 6 -
-pVCp _ - 4kfon + K¢ —€ CeTav + kf —= e r -+ n)ds =0 (1)
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where T and i are unit direction vectors. (All symbols are defined in the appendix.)

The program provides an iterative numerical solution to equation (1). The program
output is T(r,z), as well as integrated values of bulk gas temperature. An initial tem-
perature distribution is assumed, the mean local temperature is evaluated, and then a
new temperature distribution is obtained by solving equation (1). This process is
repeated until temperature distributions en two successive iterations change by less than
some specified amount.

Program input requires values for an absorption coefficient, mass velocity, specific
heat, tube diameter, tube length, initial gas temperature, and tube wall temperature.
For all the calculations in this study, the gas inlet temperature was taken to be 3500° R
and specific heat to be 6 Btu per pound per °R.

The two integral terms in equation (1) are significant; they describe the effectiveness
with which energy is transported from the wall into a given volume element of gas. If
there were no geometric view factors and if every volume of gas were to receive unatten-
uated radiant flux, the wall and the gas would simply interchange heat as blackbodies.
For this situation, the energy equation becomes

dT
4 (%)0 (T: - Tﬁ) = pve, %E) (2)

Equation (2) gives the variation of the bulk gas temperature Tb with tube length L
for the case of ''perfect'' coupling between the heat source and the heat sink, A compari-
son of equations (1) and (2) indicates how much the heat-transfer rate into the gas has
been reduced by the view factors. Obviously, Tf from equation (1) is always equal to
or less than Ty, from equation (2). The maximum rate of heat deposition would occur
if there were no back radiation from the gas to the wall; such a situation is described by
deleting the Tg term from equation (2).

Conduction., - The internal temperature distribution in the liquid fuel and surrounding
solid structure can be calculated for specified boundary conditions, dimensions, and
thermal conductivities. In cylindrical coordinates, the energy equation for conduction
and internal heat generation is

1d (klr SI> +q"""(r) =0 (3)

For a thermal conductivity that is independent of temperature, equation (3) can be par-
tially integrated to give
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where r s is the radius of the liquid surface and (dT/dr) r=r is the temperature gradient
s

in the liquid fuel at the surface. This gradient is determined for a given net heat flux
leaving the liquid surface.

Equation (4) can be integrated to give the temperature distribution in the liquid fuel
region T(r) by using the known surface temperature TS as a boundary value:

T r
T=- 1 lq”'(r)dr dr + ry aT InL 4+ Tg (5)
T r ki dr Ir=r rS
s s S

The volumetric heat-generation rate q''' is determined by two quantities: (1) the net
heat radiated from the liquid surface into the flowing gas and (2) the additional amount
of heat that is conducted radially outward from the liquid fuel region into the surrounding
structure. I Tint is the outer radius of the liquid fuel annulus, y is the fraction of
reactor power that ''leaks'' out into the solid structure, and e is an effective emissivity

of the liquid surface, a heat balance gives

Tint

anseoT: =(1-y) 2mrq'''(r)dr (6)

The term e accounts both for the actual emissivity of the surface and for the reduction
in net heat flow due to back radiation from the gas; it is obtained from the calculated net
heat transfer to the flowing propellant gas.

The volumetric heat-generation rate is assumed to be constant, as it would be for
uniform fuel dispersion and no flux depression. Integrating and combining equations (5)
and (6) give the temperature distribution through the fuel region as

2 2
r r r“-r
T=T +—SeoT41n_r———seoT4 1 S.r2mL (7
'k ° r, k S 2 2 2 S r
s 1 1-v) rioi - Tg s

For the solid region beyond Tint there is no internal heat generation, the thermal



conductivity is that of the solid kC’ and the heat flow is ¥ times the total reactor power
generation. The temperature profile in this region is given by

ry weoT4

T™(r) =T, ; - = S T (8)
M ke -9 Ty

Mass-Transfer Calculations

Some of the liquid contained on the tube wall vaporizes and is carried out with the
exhaust. The following analysis determines the outlet-bulk mass fraction of uranium
carbide (UC,) with either niobium carbide (NbC) or zirconium carbide (ZrC) from which
uranium loss rates and specific impulse degradation can be estimated.

For mass-transfer calculations, it is assumed that the rotation of the tube causes
the liquid layer to be uniformly distributed along the tube wall. The flow geometry is
then a cylinder with a radius equal to the tube radius minus the liquid layer thickness.
The vapor at the liquid-vapor interface is in equilibrium with the liquid. Therefore, the
vapor composition can be calculated approximately from Raoult's law, which states that
the equilibrium vapor pressure that is exerted by a component in a solution Pi is pro-
portional to the mole fraction of that component Xi’ that is,

P, = X,P) (9)
where P;) is the vapor pressure of a component i in the pure state. It is further as-
sumed that the composition and temperature of the liquid are constant along the tube and
do not change with time. Therefore, the composition of the vapor at the interface will be
constant.

For the range of conditions covered in the calculations, Reynolds numbers varied
from 12 000 to 120 000, and tube length to diameter ratios ranged from 15 to 30. There-
fore, all mass-transfer calculations were made on the basis of fully developed turbulent
flow.

Since radial concentration gradients of UcC, and ZrC or NbC exist, there is also a
corresponding radial gradient of hydrogen concentration, This concentration gradient
causes a diffusive flux of hydrogen toward the liquid surface. The surface is assumed to
be impermeable to hydrogen; thus, a convective flow of carbide vapor of equal magnitude
but opposite in direction is set up. This convective flow away from the liquid surface
causes an additional transport of carbide species over and above the diffusive transport.



This effect is included in the mass-transfer calculations, but it is never the dominant
mode of transfer.

The importance of the convective velocity can be estimated from the magnitude of the
mass-transfer parameter:

(Yucz, s t¥xc, s) - (yUCZ, b+ ¥xC, b)

: (10)
1- (Yucz, s ¥ ¥xc, s)

B=

where y is mole fraction in the vapor, and the subscripts s and b indicate surface and
bulk, respectively, When B is less than 1, the convective velocity can be ignored and
the heat-transfer - mass~transfer analogy can be used to determine the mass-transfer
coefficient. Thus, if the friction factor is known, the mass-transfer coefficient can be
calculated from the j~factor relation, j = £/2. For a Schmidt number of 1, the j-factor
is
RaoMn,
j=— 4 (11)
G

where hdo is the mass-transfer coefficient at negligible mass-transfer rates. Refer-
ence 14 presents a plot of the j-factor as a function of Reynolds number.

When the mass-transfer rate is large, the effect of the convective velocity cannot be
neglected. The solution to the mass-transfer problem can be obtained, however, by
modifying the solution to the heat-transfer problem, that is, by using the film theory
result discussed in reference 14. The ratio of the actual mass-transfer coefficient to
that at negligible mass-transfer rates is given by

h
a4 _4_ In(1 + B) (12)
hd0 B

The ratio of bulk mole fraction to surface mole fraction of UC2 can be determined
from a balance that equates the change in moles of U02 over an increment of length
(G/MHZ>(1TD2/4)AyUC p to the U02 transferred from the liquid surface in that length

2’

Nyc. 2zmD. In differential form, this relation is
2

Wyc,,b '4MH2NUC2
dz  GD

(13)




For the ith component of a multicomponent mixture, the mass-transfer coefficient

h q can be defined as (ref. 14)
N; - ¥;, o 2Ny = Bg(y; o - ¥ 1)
Since the flux of hydrogen is zero at the liquid surface,

YH2, b

LiNj =Nyc, +Nyc = -hg |1 -
YH
2:®

where NXC is the surface molar flux of NbC or ZrC. The flux of UC2 is thus

h YHy, b YUC,,b

y y
Hz, s UCZ’ s

N.

y
UC2 d UCZ’ S

Equation (13) may then be written in the form

Hucy® 4j0 d
= 4]

oin

YH,,b
yUCZ, s -

) yUcz,b
H2, s

(14)

(15)

(16)

(17)

Integrating from the inlet, where the bulk mole fraction of UC2 is zero, to any distance

z gives

y y
y y
UC2, s H2, s

In a similar manner, for the metal carbide solvent

y
¥xc,b _ HpP (1 _ o-4if(z /D))
yXC, s sz, s
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With the bulk- to surface-mole-fraction ratios known, it is possible to calculate mass
fraction ratios. Some algebraic manipulation leads to

o
UC,, b
. 1 (20a)
. -1
“ucys 4, Cy (e4]9(z/D) - 1)
28

for uranium carbide mass fraction ratio. For hydrogen,

C C

Hz,b _ Hz,s 1 (20b)

Cucy, b Cucy,si- ¢~416(z/D)
The bulk mass fraction of the solvent XC (either ZrC or NbC) is then obtained by

Cxc,b =1 Cucy,b ~ CH,, b (20c)

The ratio of hydrogen to uranium carbide mass fractions at the wall varied from 8 to
1. 7 for wall temperatures from 9000° to 10 000° R. For a mass velocity of 10 pounds
per second per square foot of hydrogen in a 4-inch-diameter tube, the Reynolds number
was 120 000, and j =0.0022. The 6 correction was 1 for a NbC solvent and varied from
0.95 to 1.0 for ZrC. Equation (20b) was multiplied by the molecular weight ratio of uc,
to U to obtain the weight ratio of hydrogen to uranium exiting the tube. Radial concentra-
tion profiles presented for the sample engine were obtained by assuming that they followed
a 1/7 power variation with radius, similar to velocity profiles.

Engine Performance

The engine performance parameters of interest are thrust, specific impulse, weight,
and fuel loss rate. The reactor core weight is readily calculated for a specific geometry
and materials, The specific impulse of the propellant mixture is less than that of pure
hydrogen at the same temperature because of the presence of high-molecular-weight
species. The actual specific impulse can be obtained from

— %*
Isp = aiIsp (21)
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The correction factor a, that is applied to the specific impulse of pure hydrogen I;p is
obtained by assuming that specific heat is inversely proportional to molecular weight.
Thus, in terms of the propellant average molecular weight M and hydrogen molecular
weight, assumed to be constant at 2, o, is given by

a, =4/2 (22)

For a given bulk concentration of heavy component i, equation (22) becomes

ai=\/ ( -%)cb (23

For a specified hydrogen flow rate, the total propellant flow rate is

C

b
p "Hy 1-C, (24)

The bulk mass fraction Cb is calculated from equation (20) for each of the components.
The engine thrust is given by the product of propellant mass flow rate and specific im-

pulse:

F=wlI (25)

RESULTS AND DISCUSSION

The results of this study fall into two categories: (1) a parametric series of engine
performance calculations and (2) a more detailed calculation of a sample engine configura-
tion selected on the basis of the parametric results,

Table I lists the values of the primary variables and also the combination of variables
chosen for the sample engine calculation. Uranium carbide was used as the fissionable
material; calculations were performed with both niobium carbide and zirconium carbide
as solvents. Based on an initial variation, the hydrogen opacity 7 (product of absorption
coefficient K and tube diameter D) is assumed to have a constant value of 3. The pro-
pellant average specific heat and viscosity are assumed to be 6 Btu per pound per OF and
27 5><10'7 pound per foot per second (ref. 15), respectively. The temperature of the hy-

12

®



TABLE I. - VALUES OF PRIMARY INDEPENDENT VARIABLES

USED IN CALCULATIONS

Mole fraction | Fuel surface | Hydrogen mass Tube Tube | Reactor
uranium carbide | temperature, velocity, diameter,| length, | pressure,
in fuel, TS, GHZ, D, L, P,

X o in. ft
UCy R 1b/(it%)(sec) atm
0. 002 9 000 1 4 5 100
.01 9 500 6 10 250
.05 10 000 10 8 15 500
2,02 9 500 6.7 4 6.7 200

2yalues selected for sample engine.

drogen entering the liquid fuel-element flow passage is assumed to be 3500° R for
all cases. Most of the parametric calculations are for a reactor pressure of 100 atmos-
pheres; a few cases are also presented for 500 atmospheres to illustrate the effect of
pressure level. The sample calculation is for a reactor pressure of 200 atmospheres.
Results are presented first showing the vapor composition at the surface of the liquid
fuel. Next, outlet propellant temperatures are presented for the various flow rates,
tube dimensions, and surface temperatures considered. Mass-transfer results are pre-
sented in terms of uranium to hydrogen mass fractions normalized to the saturation value
at the liquid surface. The heat- and mass-transfer results are then presented in the
form of specific impulse and fuel loss rate. Finally, sample engine parameters are
selected from the parameter matrix studied, and detailed results for concentration pro-
files, temperature profiles, and fuel consumption rates are presented, as well as an
estimate of reactor-core weight.

Fuel Vapor Composition

The equilibrium vapor composition over a liquid of specified mixture is readily es-
timated from equation (9) and the vapor pressures of the pure components. Figure 4
shows the vapor pressure curves used. The elemental curves for uranium and carbon
are taken from reference 5. The uranium carbide curve is from reference 7. The ZrC
curve is from reference 9, and the NbC curve is from reference 6. The curves were -
extended to pressures above 1 atmosphere by extrapolating them as straight lines. There
is some indication (ref. 10) that the vapor pressure of niobium carbide may be higher
than that shown in figure 4. The curve used there is the lowest reported value (ref. 6)
and should therefore give a minimum fuel evaporation rate. The highest reported vapor
pressure of NbC is still less than the curve used in figure 4 for ZrC; thus, the evapora-
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ation rates obtained with the NbC and ZrC curves should bracket any more accurate
answer based on better vapor pressure information. In the temperature range to be con-
sidered, from 9000° to 10 000° R, the extrapolated vapor pressure of ZrC is from 25 to
30 times that of NbC.

The vapor pressure of the pure compounds, the concentrations in the ligquid phase,
and Raoult's law give the composition of the heavy vapor in equilibrium with the liquid.
Figure 5(a) shows that for a NbC solvent, the vapor is much richer in UC2 than the liquid.
The vapor composition is quite insensitive to temperature level in this range, which is a
numerical result of the vapor pressure curves of NbC and UC2 in figure 4 being parallel.
Because of the different concentrations of UC2 in the vapor and liquid phases, the concen-
tration of UC2 in the remaining liquid decreases with time. For example, consider an
original mole fraction of UC2 of 0. 02 in the liquid fuel. After 1.7 atomic percent of the
liguid has evaporated, 50 percent of the UC2 has been lost. Thus, even if a relatively
small amount of ligquid fuel is consumed, it may be necessary during engine operation to
replace the fissionable species as it evaporates from the liquid.

Figure 5(b) shows that the relative concentration of UC2 in the heavy vapor is less
for a ZrC solvent than for a NbC solvent, because ZrC has a higher vapor pressure than
NbC and thus exerts a higher partial pressure. The UC2, of course, exerts the same
partial pressure for a given concentration in the liquid phase regardless of the solvent
or its characteristics. Figure 5(b) also indicates that, at increased temperatures, the
vapor is less rich in UCZ' 4

Figure 6 shows the average molecular weight of the heavy vapor as a function of the
UC2 concentration in the liquid, and the temperature for both ZrC and NbC solvents. The
average molecular weight is insensitive to temperature because the vapor-pressure curves
are nearly parallel, so that the relative composition of the vapor is essentially constant.
The average molecular weight of the NbC/UC2 mixture is greater than that of ZrC/UC2
because of a higher proportion of U02 in the first mixture.

Although the heavy vapor represents only a small fraction of the total atoms present
in the gas mixture at the liquid surface, it constitutes a substantial mass fraction because
of its high molecular weight. Figure 7(a) shows the mass fraction of heavy vapor at the
liquid surface for various temperatures, reactor pressures (sum of partial pressures),
and liquid concentrations of U02 in NbC. The hydrogen density was calculated by using
a molecular weight of 2; no dissociation is assumed for this calculation. The mass
fractions are quite significant for a reactor pressure of 100 atmospheres; for example,
for a liquid mole fraction of UC, of 0. 02, heavy vapor mass fractions range from 0. 125
at 9000° R to 0. 39 at 10 000° R. The curves increase with increasing U02 concentration
because UC2 has a higher vapor pressure and a higher molecular weight than NbC. Fig-
ure 7(b) shows similar results for a ZrC solvent at a reactor pressure of 100 atmospheres.
The mass fractions at the wall for ZrC are higher than for NbC and do not decrease appre-
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ciably for small concentrations of UC2 in the liquid because of the dominance of ZrC.
Figure 7 is used to give the wall-concentration boundary values for mass-transfer cal-
culations.

Heat Transfer

It is necessary to specify the absorption coefficient of the gas in order to calculate
the radiant heat transfer to the flowing gas from the hot surface. This specification is
normally done in terms of gas opacity 7 which is the product of the absorption coeffi~
cient and the tube diameter. Opacity is, therefore, an optical dimension of the gas sys-
tem. For a cylinder, the opacity is equivalent to the tube diameter expressed in terms
of radiation mean free paths. It is shown in reference 12 that there is an optimum
opacity that results in maximum heat transfer to the gas for the flow system considered
here. If the gas is too transparent, the hot wall radiates to the opposite wall rather than
to the gas; if the gas is too opaque, the radiation does not penetrate to the central, inner-
most regions of the gas. Figure 8(a) illustrates this effect of gas opacity on the bulk out-
let gas temperature for the conditions of interest here. For maximum heat transfer to
the gas, the absorption coefficient should be such that the tube is 2 to 4 mean free paths
in diameter. All the heat-transfer calculations for this study were done for an opacity
of 3.

The results of figure 8(a) are for an opacity corresponding to an absorption coeffi-
cient that is constant with radial position. The net amount of heat flow into the gas can
be increased by causing the absorption coefficient to increase monotonically with radial
distance from the wall. This increase could be accomplished by initially injecting more
seed material along the tube centerline than near the wall. The maximum rate of net
heat transfer to the gas can be obtained by using the transparent gas model in which it is
assumed that the wall and the gas exchange radiation as though they were blackbodies at
the surface and bulk temperatures, respectively.

Figure 8(b) shows a comparison of heat-transfer rates for three opacity assumptions.
The upper curve, for no back radiation, could not be achieved in practice; it is included
simply to help indicate the effect of back radiation. The fact that the middle curve is
only slightly higher than the lower one indicates that no great gain is available from pref-
erential seeding compared with a radially uniform distribution of seed material in the
propellant. At most, the outlet gas temperature could be increased 500° R, or, for the
same outlet temperature, the tube length could be decreased 15 percent.

The amount of seed material to be added to the hydrogen to achieve an opacity of 3
must be determined. Reference 16 reports some recent work on optical properties of
small particles and provides a reference guide to other related studies. Based on these
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experimental and analytical findings, it seems likely that absorption cross sections in
the range from 10 000 to 20 000 square centimeters per gram are obtainable,

Figure 9 shows the amount of carbon that must be added to hydrogen at 100 atmos-
pheres and 500° R to give an opacity of 3. For this analysis, hydrogen density was cal-
culated from the perfect gas law, with no dissociation assumed. The results are shown
as the mass fraction of carbon in hydrogen for various tube diameters. The curves for
absorption cross sections of 4000 and 40 000 square centimeters per gram are considered
realistic upper and lower limits for carbon particle seeds.

The significant aspect of the requirement to seed the hydrogen is that it places a
lower limit on tube diameter. As shown in figure 9, smaller diameter tubes require
greater mass fractions of seed material. The penalty of seed addition is the same as
that of the fuel vapor; it decreases the specific impulse of the propellant by increasing
its average molecular weight. The magnitude of this effect is shown in figure 10. For
carbon contents from 10 to 20 weight percent in hydrogen, the specific impulse is de-
creased by about 5 to 10 percent, respectively.

From the information in figures 9 and 10, it does not appear likely that adding a
particulate seed to the hydrogen to make it opaque will seriously penalize engine perform-
ance by causing a reduction in specific impulse. For example, if an absorption cross
section of 40 000 square centimeters per gram can be obtained, a 1-inch-diameter tube
would require a mass fraction of 0. 05 in 100 atmospheres of hydrogen. This much seed
would cause a 2-percent reduction in specific impulse.

A significant contributor to propellant opacity may be the heavy vapor evolved at the
surface of the liquid lining the tube wall. If this is the case, estimates of heat transfer
based on a radially constant absorption coefficient could be in error. The presence of a
radiation boundary layer of physically thin, optically thick gas could greatly reduce the
heat-transfer rate to the gas because of the self-shielding that would occur.

Some calculations were performed to assess the importance of this situation. It was
assumed that the absorption coefficient was proportional to concentration and that, for
fully developed turbulent flow, the concentration profile was given by a 1/7 power varia-
tion with radius. The heat-transfer rate for this case was compared with the constant
absorption coefficient situation as shown in figure 11. The opacity (integrated optical
diameter of the tube) 7 is 3 for both case 1 and case 2. Figure 11(b) shows that thermal
self-shielding when the average opacity is not much greater than 3 results in outlet gas
temperatures that are only moderately (500o F) less than predictions based on a radially
constant absorption coefficient. All the parametric calculations are based on a constant
absorption coefficient.

Figure 12 shows the basic heat-transfer curves used in this study; they were calcu-
lated from equation (1) with a constant opacity of 3. Outlet gas temperature is given as
a function of tube length to diameter ratio for three wall temperatures and three flow
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rates. The same information is replotted in figure 13 for specific tube diameters of 4,
6, and 8 inches.

Mass Transfer

The rate at which the uranium carbide and the solvent carbide contaminate the hydro-
gen as it flows down the tube is illustrated in figure 14 for a 4-inch-diameter tube and a
surface temperature of 10 000° R. The hydrogen mass velocity is 10 pounds per second
per square foot, and the total reactor pressure is 100 atmospheres. Mass fractions in
the bulk stream were calculated from equation (20). These results were used, along with
the local bulk temperatures given in figure 12, to obtain the absolute density of each
species shown in figure 14.

The UC2 density is independent of the solvent, since it is determined only by its
vapor pressure at the wall. The hydrogen density is essentially independent of the sol-
vent; for the ZrC system shown in figure 14, the hydrogen partial pressure at a tube
length of 20 feet is 96. 4 atmospheres (of a total of 100 atm). The marked difference in
the bulk density of ZrC and NbC in figure 14 is a direct consequence of their vapor pres-
sures (fig. 4). These results indicate that in a ZrC/UC2 system it is the ZrC that
penalizes the specific impulse, but in a NbC/‘UC2 system, it is the UCZ' Similar calcu-
lations were performed for wall temperatures of 9000° and 9500° R.

Engine Performance

Specific impulse. - Engine performance is discussed in terms of two criteria:
attainable specific impulse and fuel loss rate. The specific impulse obtainable by
radiatively heating pure hydrogen at 100 atmospheres is shown in figure 15 for a hydro-
gen mass velocity of 10 pounds per square foot per second. The specific impulse is
given for a tube diameter of 4 inches at surface temperatures of 90000, 95000, and
10 000° R and for tube diameters of 6 and 8 inches at a surface temperature of 9500° R.

Figure 15 quantitatively illustrates two important features of the engine. One
feature is that surface temperature is extfemely important; for a 4-inch-diameter tube
that is 10 feet long, surface temperatures of 90000, 95000, and 10 000° R lead to spe-
cific impulses of 1300, 1480, and 1660 seconds, respectively. Of course, these are
maximum impulses; actual values are lowered by the presence of heavy vapor in the
hydrogen. The second indication in figure 15 is that tube diameters much greater than
4 inches result in engines that are rather long, and therefore perhaps too heavy. For
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this reason, the remaining curves of engine performance parameters are for a tube di-
ameter of 4 inches.

Figure 16 illustrates the variation of specific impulse with tube length for three situ-
ations: pure hydrogen, and the NbC and ZrC systems. As tube length increases, the
specific impulse for pure hydrogen approaches the value given in figure 2 at a tempera-
ture of 10 000° R, 1860 seconds. Curves for both the NbC and ZrC systems exhibit a
maximum specific impulse, just as reported for the bubble-through reactor (refs. 2, 3,
and 17). The reason for this maximum impulse is that higher wall temperatures in-
crease the fuel vapor pressure, and therefore increase the amount of heavy vapor in the
exhaust propellant. The NbC curve has a maximum specific impulse of about 1630 sec-
onds at a tube length of about 16 feet. For longer tubes, the impulse decreases toward
1460 seconds, the specific impulse corresponding to a saturated propellant at 10 000° R
and 100 atmospheres. If ZrC is used as a fuel diluent, the maximum specific impulse at
10 000° R is 1140 seconds, and the saturation limit is 790 seconds.

Although the curves of figure 16 are for a particular wall temperature of 10 000° R,
they exhibit two general characteristics of this kind of flow passage. First, there is an
optimum tube length that gives a maximum impulse, and, second, the maximum specific
impulse is higher for the NbC system than for the ZrC system, predicated on the validity
of the vapor-pressure curves used.

Figure 17 shows the effect of surface temperature on specific impulse for NbC and
ZrC diluents. The maximum specific impulse for NbC decreases with decreasing tube
wall temperature (fig. 17(a)). For ZrC, both the maximum specific impulse and the
optimum tube length are affected by varying the surface temperature from 9000° to
10 000° R (fig. 17(b)).

The results shown in figure 17 indicate the specific impulses available from a liquid-
fueled reactor operating at a pressure of 100 atmospheres with a UC2 mole fraction of
0. 02 in the fuel. With a NbC solvent, a specific impulse ranging from about 1500 to 1600
seconds can be obtained with fuel surface temperature in the range from 9000° to
10 000° R. Higher impulses are probably not possible since the vapor-pressure curve
used for NbC is lower than that of any other contender for this application. The curve
used is, in fact, a rather optimistic guess at the vapor pressure of NbC. The impulse
range for ZrC is from 1140 to 1350 seconds. Because of the relatively high vapor pres-
sure of ZrC, a surface temperature of 10 000° R gives a lower maximum impulse than
does 9000° R.

For a bubble-through system, reference 17 indicates 1340 seconds for ZrC and
1490 seconds for NbC, at a reactor pressure of 100 atmospheres. A specific impulse of
1450 seconds is predicted in reference 3 for ZrC at a reactor pressure of 100 atmos-
pheres and a dilution ratio of 50 (which corresponds to the UC2 mole fraction of 0. 02
used herein). The results of reference 3 also indicate that there is little to be gained in
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specific impulse by using more dilute fuels. If the dilution ratio is increased from 50 to
1000, the maximum specific impulse increases by about 100 seconds at most. The max-
imum specific impulse is virtually independent of reactor pressure in the range of 3 to
100 atmospheres (ref. 3). Thus, it is not likely that the specific impulse of a liquid-core
reactor can exceed, to any appreciable extent, the values shown in figure 17.

For the 4-inch-diameter tube, the maximum impulse occurs at tube lengths between
10 and 20 feet for both NbC and ZrC diluents for wall temperatures between 9000° and
10 000° R. The value of this optimum tube length is not, however, independent of either
the hydrogen flow rate or the tube diameter. The heat-transfer results in figure 12
indicate that the tube length required to produce a given thermal effectiveness is directly
proportional to both the tube diameter and the gas flow rate per unit area. These vari-
ations show that tube length can be reduced by decreasing either the tube diameter or the
hydrogen flow rate per unit flow area. The choice between these two possibilities is
determined by their effect on reactor size and thrust to weight ratio. The thrust to weight
ratio can be written in terms of the parameters under discussion as

_ AGL )
= L
(1-A)p, D=
D

£ |

This equation leads to the conclusions that, because the outlet temperature is affected
only by the ratio of G to L/D, the absolute values can be chosen on some other basis
such as a criticality or mission requirement. A minimum tube diameter is needed to
maximize the thrust to weight ratio. This minimum size would be determined by some
other criterion such as seed density or rotational speed requirement.

Fuel loss rate. - In addition to specific impulse, the rate at which uranium is lost
from the engine is significant. In the absence of any clear, quantitative limits placed by
contamination, or economic and storage considerations, the fuel loss rate is presented
relative to that of the hydrogen propellant. This fact permits an assessment of fuel loss
on a basis that is essentially independent of mission.

Figure 18 shows the ratio of hydrogen flow rate to uranium flow rate as a function of
tube length and liquid surface temperature for a 4-inch-diameter tube. Qualitatively,
the curves exhibit a predictable characteristic, that longer tubes and higher fuel tempera-
tures cause greater uranium loss rates.

The results shown in figure 18 are for a UC2 mole fraction in the liquid fuel of 0. 02.
Obviously, the uranium loss rate is directly related to this quantity. This relation is il-
lustrated in figure 19 where the hydrogen- to uranium-flow-rate ratio is shown as a func-
tion of UC2 concentration for a fuel temperature of 9000° R. From figure 19, itis clear
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that unlimited reduction of fuel loss can be achieved by decreasing the UC2 concentration.
Therefore, the concentration of uc, in the liquid fuel should be the minimum that is con-
sistent with some other criterion such as criticality or engine life.

An increase in tube length affects both the fuel loss rate and the specific impulse of
the engine. Thus, it is possible to compromise between these two parameters. This
effect is shown in figure 20 for NbC and ZrC. The three solid curves are for the indi-
cated surface temperatures of 90000, 95000, and 10 000° R. The dashed curve is the
locus of end points of the family of curves and represents the effluent from an infinitely
long tube; that is, the propellant is at the liquid fuel temperature and is saturated with
vapor of equilibi-ium composition. Thus, the dashed curve represents, in effect, the
performance of a bubble-through system. A performance advantage of radiation heating
over conduction is indicated wherever a solid line is above the dashed line.

These results show that radiation heating offers specific impulses that are only
70 seconds higher than the best available from a conduction heating process. Because of
its lower vapor pressure, NbC allows higher specific impulses than does ZrC. With a
NbC solvent, the highest surface temperature, 10 000° R, gave the highest specific im-
pulse, 1620 seconds. For ZrC, the lowest temperature considered, 9000° R, gave the
highest specific impulse, 1370 seconds. Of course, further lowering of the ZrC surface
temperature would not continue to give higher specific impulses without limit; it would
reach some maximum and then decrease toward the bubble-through value. The general
conclusion indicated is that radiation heating offers a specific impulse gain over a bubble-
through system, but the advantage is a small one. It is therefore likely that the choice
will be determined by some more compelling engine characteristic, such as the maximum
hydrogen-flow-rate capability.

The numerical values of hydrogen- to uranium-weight-flow ratio shown in figure 20
are directly related to the reactor pressure of 100 atmospheres and the UC2 concentra-
tion of 0.02 mole fraction. The ratio of hydrogen to uranium flow rate varies directly
with reactor pressure (up to the point where the specific impulse of pure hydrogen is
significantly reduced by increasing pressure) and inversely with uranium concentration
in the fuel. The effect of varying uranium concentration is shown in figure 19. The ef-
fect of reactor pressure is illustrated in the following discussion.

At a pressure of 100 atmospheres, figure 20(a) shows that the hydrogen- to uranium-
flow-rate ratio is about 20 for a specific impulse of 1400 seconds and a surface tempera-
ture of 9500° R. Ata pressure of 200 atmospheres, the flow-rate ratio would be approx-
imately 50; and at 400 atmospheres it would be about 100. Of course, the pressure cannot
be increased without limit because the specific impulse of the pure hydrogen is reduced
by increasing pressure. For example, at an outlet gas temperature of 8500° R, a spe-
cific impulse of 1400 seconds is not attainable for a pressure greater than 250 atmos-
pheres. Thus, with the constraint of constant specific impulse, the uranium loss rate
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cannot be adjusted to any desired value by arbitrarily increasing reactor pressure.

Sample Engine

Selection. - It is necessary to select a specific, dimensional configuration in order
to present some of the engine characteristics in more detail. Although it would be
desirable for this choice of a particular engine to be an optimum, or best one, the extent
of this parametric study is insufficient for that purpose. Therefore, the sample engine
that was chosen, while based on judicious selections, does not necessarily give the best
performance attainable. The main value of a sample engine is that it allows the presen-
tation of more detailed information about some engine characteristics not explicitly dis-
played in the parametric study. Such information includes radial fuel concentration and
temperature profiles in the hydrogen at various axial positions down the length of the
tube, temperature profiles in the liquid fuel and the surrounding solid structure, an es-
timate of engine weight based on a particular fuel-element geometry, and, finally, all
the pertinent engine performance characteristics of the sample engine.

The sample engine was arbitrarily chosen to have a 3000-megawatt power level.
Although the parametric study was conducted for a reactor pressure of 100 atmospheres,
a value of 200 atmospheres was chosen for the sample case in order to reduce the ratio
of nuclear fuel to hydrogen that is exhausted from the reactor. A fuel surface tempera-
ture of 9500° R, a tube diameter of 4 inches, a tube length to diameter ratio of 20, and
a hydrogen mass velocity of 6.7 pounds per second per square foot were selected to give
an engine specific impulse of 1400 seconds and reasonable values of engine length and
thrust to weight ratio.

Radial profiles in gas. - The hydrogen propellant, seeded to have an opacity of 3,
enters the tube at a temperature of 3500° R. As it flows through the tube, the bulk tem-
perature of the gas approaches the surface temperature. Figure 21 shows the radial tem-
perature profiles in the gas at various axial locations along the tube. The temperature
jump at the tube surface is a result of neglecting conduction in the gas.

Figure 22 shows the corresponding concentrations in the sample engine. The vapor
pressures used were those of a NbC/UC2 fuel mixture with an 0. 02 mole fraction of fuel
in the mixture. At 9500° R, the equilibrium vapor pressure is 0. 32 atmosphere. For a
total pressure of 200 atmospheres, the mass fraction of heavy vapor in hydrogen at the
liquid surface is 0. 117. As indicated in figure 22, the bulk mass fraction of heavy vapor
in the effluent from the tube is 0.03, or about 25 percent of the saturation value of 0. 117,
The concentration profiles were obtained by assuming similarity between concentration
and velocity distributions; the profiles shown in figure 22 follow a 1/7 power variation
with radial distance from the wall. This assumption should be reasonably accurate as
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long as the primary flow is turbulent and the tube length to diameter ratio is greater
than 15.

Temperature profiles in fuel and wall, - In addition to profiles in the flowing gas, the
temperature distribution throughout the liquid fuel and supporting solid structure is of
interest. The two important features to be considered are (1) the maximum internal tem-
perature of the liquid fuel and (2) the temperature at the solid-liquid interface. Implicit
in these two temperatures is the fraction of reactor power that is conducted radially out-
ward from the fuel region. The simplest situation is one in which a uniformly fueled
liquid is directly supported by a solid carbon tube. For the conditions of the sample
engine, including the specification that only 25 percent of the generated heat is allowed
to travel radially outward, the temperature profile within the fuel and the tube structure

is shown in figure 23(a).

The upper curve was calculated by using the thermal conductivities of the ligquid
carbide and the solid carbon (300 and 26 Btu/(hr)(ftz)(oF/in. ), respectively). If itis
assumed that the profile shown is stable, this curve clearly indicates two serious prob-
lems that are a direct result of transferring the internally generated heat to the propel-
lant at one surface rather than throughout the fuel as is the case for the bubble-through
system. The first undesirable situation is that internal fuel-region temperatures are
excessively high, perhaps near or equal to the boiling point. The second problem is that
the interface temperature must be maintained only 600° less than the maximum liquid
temperature in order to drive 75 percent of the internally generated heat radially inward
to the fuel surface where it is then radiated to the flowing propellant. For the sample
engine, the maximum internal fuel temperature is 16 100° R and the fuel-carbon interface
temperature is 15 500° R, if direct contact between the solid and the liquid is assumed.

The ligquid-fuel region from the inner surface to the point of maximum temperature
is potentially unstable because of the density gradient associated with the temperature
profile. Any resultant free convection would tend to set up one or more ''cells, '' and the
net effect would be to decrease the resistance to heat flow toward the inner surface. Any
turbulence propagated into the liquid from the flowing gas would have the same effect.
The influence of both of these factors can be expressed in terms of an '"effective'' thermal
conductivity that is higher than the actual value. The lower curve in figure 23(a) shows
the extreme limit of this effect. It can be seen that even if thermal stirring of some sort
does bring down the maximum temperature in the liquid fuel, the interface temperature
is still beyond the melting point of any solid material.

It is possible, at least in principle, to reduce the liquid-solid interface temperature
by introducing an unfueled liquid region between the fuel and the carbon. Figure 23(b)
shows the temperature profiles for such a situation. The curves correspond to these in
figure 23(a). The upper curve, computed by using true thermal conductivities, shows
that the addition of a 0. 2-inch-thick layer of unfueled liquid carbide decreases the inter-
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face temperature only from 15 000° to 12 900° R. If, in addition to an unfueled liquid
region, thermal stirring is present in the unstable portion of the fueled liquid, the inter-
face temperature is 6300° R. Since this temperature is near a maximum acceptable
solid surface temperature (carbon sublimes at 7200° R) and was calculated by simulta-
neously invoking turbulence in the fueled region and no migration of fuel into the unfueled
region, it does not appear to be a reasonable possibility. Further, if no thermal stirring
does occur, a thick, and therefore heavy, region of unfueled liquid carbide is necessary
to reduce the interface temperature. The net conclusion from figure 23 seems to be that
floating the liquid fuel on an insulating film or layer of unfueled liquid is not a promising
technique to protect the solid wall from overheating.

It is also possible to reduce the difference between the interface temperature and the
maximum fuel temperature by reducing the fuel region thickness. Of course, this cannot
be done without bound because of criticality and mass-transfer limitations, but an esti-
mate of the effect is informative. This temperature difference is shown in figure 24 as a
function of fuel region thickness. The sample engine condition is shown; the fuel region
thickness is 0. 375 inch, and the maximum fuel temperature is 600° R higher than that of
the carbon surface. The general conclusion from figure 24 is that the difference between
the maximum internal fuel temperature and the interface temperature cannot be dramat-
ically altered by changing the fuel region thickness; the maximum possible effect is of
the order of a few hundred degrees.

Other fuel support considerations. - Since it may be difficult to prevent heat flow into
the solid structure at temperatures below the sublimation temperature of carbon, it is of
interest to consider how much sublimation is tolerable. For the sample engine, the
reactor power level is 3000 megawatts. If 25 percent of this power is conducted radially
outward, the heat flux into the carbon surface is 7.1 Btu per second per square inch.
Using 15 000 Btu per pound as the heat of sublimation, the carbon tube wall would erode
at a rate of 1/2 inch per minute. For a reasonable fuel element configuration, the carbon
thickness would probably be from % to 1 inch., Thus, it is not possible to accommodate
any appreciable fraction of reactor power by sublimation because of direct contact of the
liquid fuel with the carbon structure, unless the vapor film formed reduces the heat flux
to the wall.

To put the situation in proper perspective, the heat- and mass-transfer calculations
show that, in principle, there is some advantage in transferring the fission energy from
the ligquid fuel to the propellant by radiation rather than by conduction. However, it is
necessary to operate at liquid surface temperatures from 9000° to 10 000° R in order
to achieve this advantage. This requirement leads to a temperature at the liquid-solid
interface that is above the reported triple-point temperature of carbon if there is direct
liquid-solid contact. Such a condition does not appear to be tenable if no vapor film
forms because (1) if the reactor pressure is below the triple-point pressure of 110 atmos-
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pheres, the solid carbon would sublime too fast; or (2) if the pressure is above 110 at-
mospheres, the carbon would melt, permitting migration of fuel radially outward followed
by further melting of the structural carbon.

There are a limited number of ways to resolve the problem. The following list pre-
sents some possible solutions, although not in any particular order.

(1) The liquid-solid interface may be eliminated by employing some force other than
physical support to hold the liquid fuel in the engine, for example, suspending liquid drops
in a flowing gas stream by some body force.

(2) The interface temperature may be reduced to below 7200° R by flowing some of
the propellant radially inward through the solid and liquid regions. The performance of
such a hybrid flow system would have to be compared with that of the pure bubble-
through confiéuration. Preliminary estimates indicate that at least 25 percent of the
total propellant flow would have to be bubbled through the liquid in order to keep the inter-
face temperature below 7200° R. Such a result is dependent on the effective thermal
conductivity of the liquid fuel, which can be strongly affected by turbulence and free con-
vection.

(3) The interface temperature may be reduced by operating below 110 atmospheres
and supporting the liquid on an insulating vapor film of carbon, or some other material,
that would form during an initial transient. This situation is similar to a drop of water
that is insulated from a hot surface by the formation of a layer of steam.

(4) The triple-point temperature of carbon may actually be higher than the reported
7200° R. Although remote, this possibility cannot be eliminated because of an apparent
anomaly between vapor-pressure measurements and liquid-solid equilibrium data
(ref. 11).

Engine weight. - In addition to internal temperature distributions, engine weight is
an important characteristic of interest. Figure 25 illustrates a particular fuel element
configuration chosen for the purpose of making a weight estimate. The metallic carbide
contributes over 40 percent of the reactor core weight. For the 3000- megawatt sample
engine with a 4-inch-inside-diameter fuel element, the reactor core weight is 26 000
pounds. The engine is composed of 100 fuel-element tubes through which hydrogen flows
at 59 pounds per second. At a specific impulse of 1400 seconds, the engine thrust is
83 000 pounds; the thrust to core-weight ratio is thus 3. 2. All the parameters of interest
for this sample engine are summarized in table II.

The actual thrust to core-weight ratio can be adjusted to a desired level by changing
the tube diameter. Of course, there are practical limitations on such a variation that
would result from mechanical design problems and nuclear scaling characteristics. The
major sample engine parameters are shown in table III for tube diameters of 1, 2, and
4 inches to illustrate the effect of changing tube diameter. Engine thrust to core weight
increases, because of decreasing engine size and weight, as tube diameter is reduced.
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TABLE II. - BASIC SAMPLE ENGINE VARIABLES

Geometry
Engine diameter, ft
Engine length, ft
Number of tubes

Fuel element

uranium carbide
Rotating speed, rpm
Tube diameter, in,
Core length, ft

Flow rates, lb/sec
Hydrogen
Uranium
Other

Weight, 1b

Reactor core

Uranium carbide (U, 230 kg)
Niobium carbide

Carbon

Water

Aluminum

Operating conditions
Temperature, °R

Hydrogen inlet, TH2’ 1

Hydrogen outlet, THZ’ 2
Liquid surface, Ty
Reactor pressure, atm

iIPerformance
Reactor power, MW
Thrust, b
Specific impulse, sec

Niobium carbide and 0. 02 mole fraction

6.7
6.7
100

2400

6.7

59
1.2
0.4

26 000
556

11 100
8500
3400
2200

3500
8450

9500
200

3000
84 000
1400
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TABLE HI. - EFFECT OF TUBE DIAMETER ON .
This trend would continue until the spe-

MAJOR ENGINE PARAMETERS cific impulse was decreased because of
Engine parameters Tube diameter, in. an increase in the required mass frac-
1 » . tion of seed material. The actual com-
promise to be considered in an engine
Number of tubes 640| 250 100 selection would balance decreased engine
Core diameter, ft 4,2 5.3 6.7 ioht inst i d hanical
Core length, ft 4.2 5.3 6.7 weight against increased mechanica
Uranium 235 critical mass, kg| 58| 115| 230 | and/or heat-transfer complexities as-
Core weight, 1b’ 6500 | 13 000 (26 000 sociated with an increased number of
Hydrogen flow rate, 1b/sec 59 59 59 tubes
Radiant heat flux, kW /in, 22 22 22 X
Reactor power level, MW 3000 3000 3000 Table Il also can be used to iltus-
Specific impulse, sec 1400 1400 | 1400 trate that the thrust to weight ratio is
Engine thrust, lb 84 000 | 84 000 |84 000 independent of thrust level. Consider
Thrust to core weight ratio 13| 6.5 3.2 the column for a 1-inch-diameter tube.

The engine described consists of 640
tubes that are 4. 2 feet long and has a thrust of 84 000 pounds. As long as the tube diam-
eter is 1 inch and the length is 4, 2 feet, the thrust to weight ratio remains at 13, inde-
pendent of the number of tubes. However, the thrust level is proportional to the number
of tubes. Thus, 64 tubes would give a thrust of 8400 pounds; 640 tubes give 84 000 pounds
of thrust, as shown in table IIT; and 6400 tubes would give 840 000 pounds of thrust.

CONCLUDING REMARKS

A parametric performance study was conducted for a liquid-core nuclear rocket
engine in which the hydrogen is heated by absorbing thermal radiation from the surface
of a liquid-metal carbide solvent that contains uranium carbide. Calculations were made
(1) to describe some of the important heat- and mass-transfer characteristics of such an
engine, and (2) to determine if such a system offers any significant performance advantage
over a bubble-through system in which the propellant is heated by conduction as it passes
radially inward through the solid and liquid regions of a fuel element. In both configura-
tions, the hot liquid-carbide fuel is held in place on the inner surface of a rotating tube.

In all the parameter calculations, the hydrogen propellant was assumed to enter the
tubular flow passage at a temperature of 3500° R. The primary variables considered,

and the values used, were as follows:
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(1) Mole fraction of uranium carbide in solvent. . . . . . . . 0.002, 0.01, and 0. 05
(2) Fuel surface temperature, R - 9000, 9500, and 10 000
(3) Hydrogen mass velocity, lb/(sec)(ftz) e e e e s et e e e e aw.a 1,3, and 10
(4) Tube diameter, In. . . « « & ¢ ¢ ¢ 4 ¢ v 0 o v 0 s s s 0 0 s s e e+ o ... 1108
(5) Tubelength, ft . . . . . . . ¢ ¢ v o v v v o v v e o v o u c ¢ .. 9 10, and 15
(B) Fuel solvent . . . . . . ¢ v v v o ¢t vt e o o e o e o o s oeaeaese..2rC, NC

On the basis of the parametric calculations, a sample engine was chosen to permit a
more detailed and specific description of some engine characteristics such as internal
temperature distributions. From these calculations, a general picture of such a liquid-
fueled engine has emerged. However, it is not reasonable to describe the engine by
assigning one numerical value to each of the major parameters, such as specific impulse,
tube diameter, and thrust to core-weight ratio, because one paraméter can be increased,
within limits, at the expense of another. For example, thrust to core-weight ratio can
be increased by decreasing the tube diameter, but this, in turn, causes an increase in the
total number of tubes in an engine of fixed, overall length to diameter ratio. Similarly,
the ratio of hydrogen to uranium in the exhaust mixture can be increased by increasing
the reactor pressure, but this eventually decreases the specific impulse unless higher
surface temperatures are used.

Because of this interdependence, engine characteristics are given as a range of
values. For most of the parameters, the lower limit simply defines the bounds of
acceptable performance; for example, a specific impulse less than 1300 seconds is
readily obtainable but too low to be of much interest. The upper limit is either one that
cannot be exceeded (e. g., specific impulse) or that would not be exceeded because of an
adverse compromise with some other parameter (e. g., thrust to core weight ratio can
easily exceed 13, but the accompanying decrease in hydrogen- to uranium-flow-rate
ratio would probably override the advantage). Finally, it should be pointed out that all
combinations of parameters are not available; that is, the best value of one parameter
may be available only at the expense of another. Thus, the maximum values of specific
impulse, thrust to weight ratio, and hydrogen- to uranium-flow-rate ratio cannot be ob-
tained together.

CONCLUSIONS

The parametric calculations and the sample engine provide quantitative estimates
of the major engine characteristics of a liquid-core nuclear rocket engine that employs
radiant heating of the hydrogen propellant. These results are

1. Specific impulse ranges from about 1300 to 1600 seconds. The upper limit is the
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maximum attainable and is only about 70 seconds higher than that produced by conduction
heating in a bubble-through system.

2. To obtain the range of specific impulse of 1300 to 1600 seconds, the liquid-fuel
surface temperature must be between 9000° and 10 000° R. Since this temperature ex-
ceeds the highest known melting point (the_triple-point temperature of carbon is reported
to be 7200° R), a major problem exists in trying to support the fuel.

3. The thrust to reactor-core-weight ratio ranges from 3 to 13 and is independent of
the absolute thrust level. An important influence on this parameter is the tube diameter.
Thrust to weight ratio can be increased by using smaller tube diameters; however, this
compromise is/made at the expense of an increase in the total number of tubes.

4., The hydrogen- to uranium-flow-rate ratio ranges from 20 to 100. Values above
20 are achieved by increasing the reactor pressure. Eventually, however, this increase
in pressure either decreases the specific impulse or requires a higher surface tempera-
ture, making it undesirable to increase the hydrogen to uranium ratio above 100.

5, To be consistent with the foregoing ranges, the tube diameter should be between
1 and 4 inches and the reactor pressure should be in the range of 100 to 1000 atmospheres.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 23, 1967,
122-28-02-18-22.
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APPENDIX - SYMBOLS

free-flow factor of reactor

mass-~transfer parameter (see
eq. (10))
mass fraction

specific heat, Btu/(1b)(°R)

tube diameter, in.

thrust, ib

friction factor

mass velocity, lb/(sec)(ftz)
gravitational constant, ft/ s902
enthalpy, Btu/lb

mass-transfer coefficient, ft2/sec
mass-transfer coefficient at

negligible mass-transfer rates,
£t2/sec

specific impulse, sec
specific impulse of pure hydrogen,
sec

mechanical work equivalent of heat,
(ft-1b) /Btu

j-factor (see eq. (11))

gray gas absorption coefficient,

ft

thermal conductivity,
(Btw)(in. ) /(hr)(£t%)(°R)

tube length, ft
incremental thickness, in.

molecular weight

M

v

2

q”
q!"

< M €8 < < 13

N

propellant average molecular
weight

heavy vapor average molecular
weight

molar flux at liquid surface,
moles /(ftz)(sec)

unit direction vector
equilibrium vapor pressure, atm

reactor pressure, atm

vapor pressure, atm

partial pressure, atm

total reactor power, MW

reactor power to raise propellant
temperature to T2

heat flux, Btu/(it%)(sec)

volumetric heat-generation rate,
Btu/(ft3) (sec)

flow passage radius, in.
radial coordinate, in.
unit direction vector
temperature, °r
volume, ft3
axial velocity

weight, 1b

mass flow rate, 1b/sec
mole fraction in liquid

mole fraction in vapor

axial coordinate, ft
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a correction factor for mixture spe-
cific impulse

€ emissivity

] ratio of actual mass-transfer coef-
ficient to mass-transfer coeffi-
cient at negligible mass-transfer
rates, hd/hdo

i viscosity

density

o Stephan-Boltzmann constant,
Btu/ (ftz) (sec) (0R4)

T opacity, KD

1 reactor power fraction in solid
structure

Subscripts:

b bulk

C carbon

e emission point

f field point

H, hydrogen

30

int

XC
ZrC

ith component

fuel-structure interface
remaining components
liquid fuel

niobium carbide
propellant

reactor

liquid surface

uranium carbide

uranium

vapor

wall

NbC or ZrC
zirconium carbide
reactor inlet

reactor outlet
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Figure 1. - Reactor flow passage.
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